[1] NNR-MORVEL56, which is a set of angular velocities of 56 plates relative to the unique reference frame in which there is no net rotation of the lithosphere, is determined. The relative angular velocities of 25 plates constitute the MORVEL set of geologically current relative plate angular velocities; the relative angular velocities of the other 31 plates are adapted from Bird (2003) . NNR-MORVEL, a set of angular velocities of the 25 MORVEL plates relative to the no-net rotation reference frame, is also determined. Incorporating the 31 plates from Bird (2003), which constitute 2.8% of Earth's surface, changes the angular velocities of the MORVEL plates in the no-net-rotation frame only insignificantly, but provides a more complete description of globally distributed deformation and strain rate. NNR-MORVEL56 differs significantly from, and improves upon, NNR-NUVEL1A, our prior set of angular velocities of the plates relative to the no-net-rotation reference frame, partly due to differences in angular velocity at two essential links of the MORVEL plate circuit, Antarctica-Pacific and Nubia-Antarctica, and partly due to differences in the angular velocities of the Philippine Sea, Nazca, and Cocos plates relative to the Pacific plate. For example, the NNR-MORVEL56 Pacific angular velocity differs from the NNR-NUVEL1A angular velocity by a vector of length 0.039 ± 0.011°a −1 (95% confidence limits), resulting in a root-mean-square difference in velocity of 2.8 mm a −1
Introduction
[2] MORVEL is a set of geologically current relative plate angular velocities for 25 major plates covering 97% of the surface of the Earth [DeMets et al., 2010] . DeMets et al. [2010] , however, do not include a specification of global plate boundaries, and the restriction to 25 plates omits many small plates. For some applications of global plate motions, it may be more important to have global coverage than high accuracy of relative plate angular velocities and plate boundaries [Bird, 2003 ]. An example is the determination of the global distribution of deformation and strain rate and the inferred seismic hazards, for which an omitted plate boundary-even if the plate is small -is obviously important [Kagan et al., 2010] . Other examples include estimates of element and volatile recycling and expansion of plate velocities in spherical harmonics [Bird, 2003] . The first goal of this paper is to provide not only a global set of plate boundaries, which are merely a minor update to those of Bird [2003] , but a specification of the relative angular velocities of 31 of his small plates in a manner consistent with MORVEL. It is debatable whether all of these 31 regions should be treated as rigid tectonic plates. For simplicity and expediency, however, we simply follow Bird's [2003] interpretation herein. The 31 additional angular velocities are generally less accurate than those of MORVEL because of the sparseness of high-quality data available to estimate them. To incorporate them into MORVEL, we tie each additional plate through the same plate as that used by Bird [2003] to tie it into NUVEL-1A. We refer to this expanded set of relative angular velocities of 56 plates as MORVEL56. The relative angular velocities of the 25 MORVEL plates included in MORVEL56 are identical with those in MORVEL. [3] A second goal of this paper is to determine two global sets of plate angular velocities relative to the no-net-rotation reference frame, one consistent with MORVEL and one consistent with MORVEL56. Plate angular velocities in the no-net-rotation reference frame are used by many in the geoscience community including geodynamicists, tectonicists, and geodesists as a standard for assessing the net rotation of the lithosphere and, for example, examining the asymmetry of subduction. For 15 years the rotation of the International Terrestrial Reference Frame [Altamimi et al., 2002 [Altamimi et al., , 2007 has been defined using NNR-NUVEL1A [Argus and Gordon, 1991; DeMets et al., 1990 DeMets et al., , 1994 ], a set of geologically current angular velocities of fourteen plates relative to the no-net-rotation reference frame. The new sets of angular velocities differ significantly from the old. [4] We mainly use the plate boundaries of Bird [2003, Figure 1] . Following Bird [2003] , we assigned the regions that he inferred to be orogenic belts, which constitute 7.5% of Earth's surface, to the plate to which he assigned them. All but four plates in MORVEL are in the study by Bird [2003] Bird [2003] using his angular velocity for each of them relative to the Australia plate, and so forth, going through each of eleven MORVEL plates (Table S2 ).
Methods

Plate Boundaries
Net Rotation Matrix
[6] We determine the net rotation matrix Q (Table S3 ) using equation (1) of Argus and Gordon [1991] . We determine the angular velocities of the Pacific plate in the no-net-rotation reference frame using equation (2) Figure S1 of the auxiliary material. (bottom) The blue arrows and numerals show the NNR-MORVEL56 horizontal velocities and 95% confidence limits (light blue, imperceptible except for the Okhotsk plate). The red arrows and numerals show velocity differences between NNR-MORVEL56 and NNR-NUVEL1A.
The green arrows and numerals show velocity differences between NNR-MORVEL56 and GSRM-NNR-2 [Kreemer et al., 2006] . Speeds are in mm a −1 .
plate, which has an RMS velocity relative to the Australia plate of 111.8 mm a −1
. We assign an uncertainty of 2.5 mm a −1 to the Shetland plate, which has an RMS velocity relative to the Antarctica plate of 10 mm a −1 . Thus, the uncertainty is initially described in the reference frame of the MORVEL plate to which we tie the Bird [2003] plate, but is later transformed to that of the Pacific plate using the full 72 by 72 MORVEL covariance matrix.
Results
[8] The NNR-MORVEL56 plate angular velocities are in Table 1 . The three by three block-diagonal covariance matrices describing the uncertainties in the angular velocities are in Table 2 . The NNR-MORVEL56 angular velocities and uncertainties relative to the Pacific plate are given in Table 3 . The NNR-MORVEL56 rotation poles and 95% confidence limits are in Figure 3 . All 56 plates in NNR-MORVEL56 move significantly relative to the no-net-rotation reference frame (Table 1) .
[9] The auxiliary material includes Table S3 describe how each of the 56 plates in MORVEL56 are assigned to a MORVEL plate in NNR-MORVEL; we assign the Bird [2003] plate to the NUVEL-1A plate to which Bird [2003] tied it for all but five plates; Table S6 lists the NNR-MORVEL angular velocities and full covariance matrix.) The angular velocities of the 25 plates in NNR-MORVEL differ little from those of the same plates in NNR-MORVEL56, with the changes in angular velocity being less than 0.001°Ma −1 (and in Figure S2 of the auxiliary material. a Each plate rotates counterclockwise relative to the no-net-rotation reference frame. RMS is the root-mean-square velocity of the plate relative to the no-net-rotation reference frame. Area is in steradians for a unit sphere and total to 4p. The RMS velocity of the entire lithosphere is 43.9 mm a −1 . 95% confidence limits follow the "±." Some two-letter abbreviations from Bird [2003] are identical to those used for other plates by DeMets et al. [2010] . To preserve consistency with earlier papers we keep the same two-letter abbreviations while using capital letters for plates from Bird ). The difference between the two sets of angular velocities in the RMS velocity of the surface of the Earth is 5.7 mm a −1 , but only 0.1 mm a −1 when the average excludes the surface area of the 31 small plates. Thus including the 31 small plates has little effect on the motion of the 25 large plates in the no-net-rotation reference frame.
Comparison of NNR-MORVEL56
With NNR-NUVEL1A [11] Given that MORVEL is determined from more and higher-quality spreading rates and azimuths than is NUVEL-1A, we expect MORVEL to be superior to NUVEL-1A. Moreover, MORVEL also differs from NUVEL-1A in that MORVEL excludes circum-Pacific data (earthquake slip vectors and [12] Relative plate velocities differ significantly between MORVEL and NUVEL-1A. Of the 36 relative angular velocities between the nine largest plates (Pacific, Nubia, Antarctica, North America, Eurasia, South America, Australia, Nazca, and Somalia), the 95% confidence limits in the MORVEL angular velocity exclude all but one of the corresponding NUVEL-1A angular velocities. Differences in angular velocity among the 36 plate pairs are vectors ranging in length from 0.007°Ma
, with the median difference having a length of 0.053°Ma −1 , which corresponds to 5.9 mm a −1 or less along Earth's surface [DeMets et al., 2010] .
[13] The angular velocities in NNR-MORVEL56 differ significantly from those in NNR-NUVEL1A for all 14 plates that constitute NNR-NUVEL1A. Angular velocity differences are vectors ranging in length from 0.016°Ma −1 for the Antarctica plate to 0.0371°Ma −1 for the Juan de Fuca plate. RMS velocity differences range from 1 mm a −1 for the Antarctica plate to 13 mm a −1 for the Philippine Sea plate (Table 4) . Among the 14 plates in NUVEL-1A, the largest RMS velocity differences are 13 mm a −1 for the Philippine Sea plate, 10 mm a
for the Juan de Fuca plate, and 7 mm a −1 for the Cocos plate. These differences result mainly from differences between MORVEL and NUVEL-1A respectively in the Philippine Sea-Pacific, Juan de Fuca-Pacific, and Cocos-Pacific angular velocities.
[14] The plate for which the net rotation differs most between NNR-MORVEL56 and NNR-NUVEL1A is the Pacific plate (Table 4) . The angular velocity of the Pacific plate differs significantly between NNR-NUVEL1A and NNR-MORVEL by 0.039 ± 0.011°Ma −1 (95% confidence limits), resulting in a difference of 2.8 mm a −1 in RMS velocity. If we substitute into NNR-MORVEL the NUVEL-1A Pacific-Antarctica angular velocity while keeping the angular velocities on either side a Net rotation is the fraction of 1. The RMS velocity difference between NNR-MORVEL56 and NNR-NUVEL1A is 7.6 mm a −1 for the whole lithosphere, 3.6 mm a −1 for the 25 plates in MORVEL (97.2% of Earth's surface), and 3.0 mm a −1 for the 14 plates in NUVEL-1A (81% of Earth's surface).
of this link equal to those in MORVEL, we find (Figure 4 , violet-filled circle) that the angular velocity of the Pacific plate is nearly equal to that in NNR-NUVEL1A. Thus the change in Pacific plate angular velocity appears to be mainly caused by the change in Pacific-Antarctica angular velocity.
[15] The angular velocity of the North America plate also differs significantly between NNR-NUVEL1A and NNR-MORVEL by 0.021°Ma
in angular velocity and by 2.1 mm a −1 in RMS velocity, which is caused mainly by the difference between NUVEL-1A and MORVEL in the Antarctica-Nubia angular velocity ( Figure 5 , navyfilled circle).
Comparison of NNR-MORVEL56 With NNR-GSRM-2
[16] The velocity of Earth's surface differs between NNR-MORVEL56 and NNR-GSRM-2 [Kreemer et al., 2006] by an RMS velocity of 7.2 mm a −1 , but the RMS velocity difference for the part of Earth's surface covered by the 27 plates in common is smaller, 3.2 mm a −1
. The RMS differences in plate velocity range from 1 mm a −1 for the Yangtze plate to 16 mm a −1 for the Caroline plate (Table 5) . Differences are partly due to differences in the length of time over which plate motions are estimated. Spreading rates in MORVEL56 are determined mainly from magnetic anomalies, which average rates over 780,000 years to 3.2 million years, while rates in GSRM-2 are determined mainly from space geodetic observations over ≈15 years.
[17] Among Earth's nine largest plates, the RMS velocity difference between NNR-MORVEL56 and NNR-GSRM-2 is largest, 7 mm a −1
, for the Nazca plate as the east component of the velocity of the Nazca plate relative to the surrounding Pacific, Antarctica, and South America plates has decreased since 0.8 Ma ago [Tebbens and Cande, 1997; Angermann et al., 1999 , Norabuena et al., 1999 Sella et al., 2002; Kendrick et al., 2003; Argus et al., 2010] , the age of the magnetic reversal used to estimate Nazca-Pacific motion in MORVEL. The 8 mm a −1 RMS difference for the Cocos plate may also result from a change in Cocos plate motion since 0.8 Ma. The 4.5 mm a −1 RMS difference for the Eurasia plate results from the north component of the velocities of the Nubia, Arabia, and India plates relative to the Eurasia plate having decreased since 3.2 Ma [Sella et al., 2002] , the age of the magnetic anomalies used to estimate the motion of these plates in MORVEL.
[18] The largest differences between NNR-MORVEL56 and NNR-GSRM-2 are for small plates and result from differences in the angular velocities used to tie the small plate to a large plate. For example, the 16 mm a −1 RMS difference for the Caroline plate results from differences in the Caroline-Pacific angular velocity. The GSRM-2 Philippine Sea-Caroline angular velocity (48.1°N, 73.3°W, 0.152°Ma
) is incorrect because it predicts 15 mm a −1 of convergence across the Ayu trough, not slow divergence as observed [Bird, 2003] . [19] Similarly the 12 mm a −1 RMS difference for the Okhotsk plate results from differences in the Okhotsk-North America angular velocity. In GSRM-2 the Okhotsk plate is converging with the Amur plate at 11 to 29 mm a −1
. In MORVEL56 the Okhotsk plate moves relative to the Amur plate toward the southwest at 3 to 7 mm a −1 , suggesting there is slow right-lateral slip and convergence across the boundary, consistent with the earthquake fault plane solutions there. The GPS site Magadan, on the Okhotsk plate, is moving relative to the North America plate toward the southwest at 1.8 mm a −1 , a velocity that differs Figure 5 . Estimates of the NNR-North America plate angular velocity and 95% confidence limits projected onto three perpendicular plates: (left) Rotation poles, (right top) profile from west to east, and (right bottom) profile from south to north. Angular velocities are NNR-MORVEL56, NNR-NUVEL1A, and NNR-GSRM-2 [Kreemer et al., 2006] , and the angular velocity determined substituting either the Pacific-Antarctica or Antarctica-Nubia NUVEL-1A angular velocity into NNR-MORVEL56 while keeping the same the MORVEL56 relative plate velocities on either side of the link.
insignificantly from both zero and the MORVEL56 prediction.
Conclusions
[20] NNR-MORVEL56 improves upon, and differs significantly from, NNR-NUVEL1A. Differences in angular velocities are vectors ranging in length from 0.016°Ma −1 (for the Antarctica plate) to 0.371°Ma −1 (for the Juan de Fuca plate), with the median difference being 0.046°Ma −1 (corresponding to a maximum difference in surface velocity of ≈5 mm a −1 ). Some of the largest differences in angular velocity occur for the Philippine Sea, Nazca, and Cocos plates, and are mainly due to differences in their angular velocities relative to the Pacific plate.
[21] The difference in angular velocity for the Pacific plate between NNR-NUVEL1A and NNR-MORVEL56 is 0.039°Ma −1 and is a consequence mainly of the difference in Pacific-Antarctica angular velocity.
[22] The difference in angular velocity for the North America plate between NNR-NUVEL1A and NNR-MORVEL56 is 0.021°Ma −1 and is a consequence mainly of the difference in North America-Nubia angular velocity.
[23] Incorporating the 31 additional plates of Bird [2003] into NNR-MORVEL56 changes the angular velocities of the 25 major plates in the no-netrotation reference frame only negligibly.
[24] NNR-MORVEL56 differs significantly from NNR-GSRM-2 [Kreemer et al., 2006] , partly due to differences between plate velocities averaged over hundreds of thousands to millions of years in the former versus plate velocities averaged over years in the latter. Technology, under contract with the National Aeronautics and Space Administration (NASA). RGG was supported by NSF grants OCE-0453219, OCE-0527375, OCE-0928961, and OCE-1061222. We thank Tim Dixon and an anonymous reviewer for their helpful comments and suggestions.
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